Unprecedented economic achievement in China has occurred along with rising resource consumption and waste productions levels. The goal of sustainability requires the decoupling of economic growth from resource consumption (resource decoupling) and environmental degradation (impact decoupling). For this paper, the performances of resource decoupling (energy and water) and impact decoupling (wastewater, SO 2 and CO 2 ) in China were evaluated, and the spatial pattern and temporal trend of decoupling performance were investigated by using the rescaled range analysis (R/S). The results indicate the following. (1) The performance of resource decoupling during the investigated period is worse than that of traditional impact (SO 2 and wastewater) decoupling, but better than that of the CO 2 emission. Additionally, the decoupling performances of energy consumption and related pollutant emission (except CO 2 ) are better than that of water usage and wastewater discharge; (2) The decoupling performance of energy consumption, SO 2 and CO 2 , has substantially improved from the 10th Five-Year Planning Period (FYP) (2001)(2002)(2003)(2004)(2005) to the 11th FYP (2006)(2007)(2008)(2009)(2010), which indicates that the decoupling performance is highly related the environmental policy; (3) The spatial disparities of the performance of resource and impact decoupling are declining, which indicates the existence of cross-province convergence in decoupling performance; (4) The decoupling performance of SO 2 and water usage in most of regions shows an improving trend. Inversely, the decoupling performance of energy consumption, CO 2 emission, and wastewater discharge in most regions show a decreasing trend; (5) China needs more stringent water-saving targets and wastewater discharge standards; better policy efforts to improve the water recycling level both in agricultural, industrial and municipal level are required to prevent the decreasing trend of the decoupling performance.
Introduction
The increasing environmental pressures, damage, and resource depletion calls for urgent policy initiatives to decouple economic growth rates from the rates of resources consumption (resource decoupling) and environmental degradation (impact decoupling) and to achieve the goal of sustainable development [1] . As the second largest economy, China's spectacular economic growth has occurred along with the rising resource use and pollution emission level historically. For example, GDP in China has increased more than twenty-fold since 1978; meanwhile, the final energy consumption has increased more than six times, the volume of wastewater discharge increased more than two times, and SO 2 emission increased almost two times, compared with the level of 1985. China has now become the largest energy consumer [2] , the biggest energy-related CO 2 emitter [3], the largest solid waste generator [4] , and the largest single contributor to global SO 2 emission [5] in the world. The unprecedented change that happened in China provides a unique opportunity to uncover the relationship between economic growth and resource consumption and environmental pollution, and its spatial pattern and temporal trend, which is very important for achieving environmental sustainability both for China and the rest of the world [6] [7] [8] .
Being one of the most widely cited measurements of the relationship between economic growth and environmental pressure, decoupling refers to the breaking of the links between environmental bad and economic goods [9] . Nowadays, decoupling economic growth from environment impacts has become one of the most important topics related to sustainable development and has been proposed as the core objective of environmental governance and resource strategy. Decoupling analysis aims to identify the link between economic growth and resource consumption and pollution emissions [10] . The environmental Kuznets curve (EKC) hypothesis and the Factor 4 and Factor 5 are the earliest studies of decoupling [11] . The EKC was proposed to elaborate the relationship between pollution and economic growth, which was based on general reasoning around relative or absolute delinking in income-environment dynamics relationships [12, 13] . The Factor 4 and Factor 5 set the absolute decoupling goals for resource consumption at the end of the 20th century [14] .
Nowadays, a large amount of research focuses on the decoupling of energy consumption [10, 15, 16] , water usage [17, 18] , CO 2 emission [19] [20] [21] [22] [23] [24] , and other pollutants production (such as SO 2 , solid waste, wastewater, etc.) [4, 6, 10, [25] [26] [27] . Two main kinds of decoupling are taken into account, which are defined as relative and absolute decoupling in present studies. Relative decoupling refers to a decrease of emissions intensity per unit of economic output. Absolute decoupling refers to an overall decrease of emissions as GDP increases [22] . Additionally, four main decoupling indicators have been developed. The first one is resource consumption intensity (e.g., energy/GDP ratio or energy/GDP per capital), which is the one of the most widely used macroeconomic indicators for estimating decoupling effects [16] ; the second one is the decoupling factor introduced by the OECD [9] ; the third one is elasticity measured by the ratio of change in the environment indicator to the percentage change in the economic indicator [28] ; the last one is the aggregate resource or environmental efficiency [13, 29, 30] .
Many studies have utilized different decoupling indicators to estimate the decoupling effect at the level of a single country and of the group of countries, while a few have recently attempted a global decoupling estimate. However, as noted by OECD [9] , the isolated application of the decoupling indicator has the limitation because the decoupling concept does not capture the effects of environment externalities, and the decoupling indicators itself does not say anything about the real effort that certain countries need to make to achieve a particular target [23, 31] . Therefore, many scholars attempt to combine the decoupling index with other evaluation methods, including decomposition [23, 31, 32] and econometrics [27, [33] [34] [35] , to make the decoupling index more effective. However, few studies have focused on exploring the temporal trend of the decoupling degree that would contribute to a better understanding of the dynamics of decoupling performance. This might be due to the non-linear characteristic of decoupling degree dynamics in a long time series [11, 36] , which makes it impossible to simulate the trend of decoupling degree by using linear regression analysis. Moreover, most of the studies about China barely focus on the spatial pattern of decoupling performance in China, which is important for making differentiated and specific environmental policies that achieve the goal of environmental sustainability at the local level.
In this paper, the decoupling of resource consumption, wastes productions, and CO 2 emission from economic growth are first analyzed by using the decoupling indicator developed by Tapio (2005) [28] . The spatial pattern and temporal trend of the decoupling performance are then explored based on the rescaled range analysis (R/S) method. Section 2 in this paper presents the methodology applied in this research, and Section 3 presents the results and a discussion, followed by Section 4, the conclusion and policy implications.
Methodology and Data

Decoupling Analysis
Decoupling analysis aims to identify whether the link between environmental pressure and economic growth has broken. In this paper, GDP elasticity of environmental pressure [28] is applied to evaluate the decoupling performance (Equation (1)).
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where E represents the variables of resource consumption and environmental pollution (includes final energy consumption, the volume of water usage, SO 2 and CO 2 emissions and wastewater discharge), %∆E is the percentage changes in certain variables, and %∆GDP is the percentage change in GDP. According to UNEP (2011), the decoupling includes resource decoupling (decoupling of economic growth rates from the rates of resource consumption) and impact decoupling (decoupling of growth rates from the rates of environmental degradation induced by pollutants productions and greenhouse emissions) [1] . According to Tapio (2005) , eight decoupling zones could be distinguished: (1) an expansive negative decoupling zone: ∆GDP > 0, ∆E > 0 and %∆E/%∆GDP > 1.2; (2) an expansive coupling zone: ∆GDP > 0, ∆E > 0 and 0.8 ď %∆E/%∆GDP < 1.2; (3) a weak decoupling zone: ∆GDP > 0, ∆E > 0 and 0 ď %∆E/%∆GDP < 0.8; (4) a strong decoupling zone: ∆GDP > 0, ∆E < 0 and %∆E/%∆GDP < 0; (5) a recessive decoupling zone, ∆GDP < 0, ∆E < 0 and %∆E/%∆GDP < 1.2; (6) a recessive decoupling zone: ∆GDP < 0, ∆E < 0 and 0.8 ď %∆E/%∆GDP < 1.2; (7) a weak negative decoupling zone: ∆GDP < 0, ∆E < 0 and 0 ď %∆E/%∆GDP < 1.2; and (8) a strong negative decoupling zone: ∆GDP < 0, ∆E > 0 and %∆E/%∆GDP < 0. Actually, the results of decoupling analysis belong to the first four zones.
Hurst Exponent
The temporal trend of any indicator not only refers to the changing trajectory of the indicator in the past, but also indicates a possible change in direction in the future, which is more important for the design of future policy [37] . However, due to the non-linear characteristic of the time series of the decoupling indicator, which makes it is unable to simulate future changes in decoupling performance with simply linear regression analysis [11, 36] , few studies have focused on the temporal trend of decoupling performance. The Hurst exponent (H), which was originally proposed by Hurst to analysis the time series flow data of the Nile river, with theoretical improvements made by Mandelbrot and Wallis [37] , is widely used to analyze the fractal behavior (or persistence) of a non-linear time series [38] [39] [40] . Thus, for this paper, the Hurst exponent is applied to investigate the possible future trends of decoupling performance.
The value of H could be obtained by using the rescaled range statistic (R/S) analysis, which is a fractal theory for time series research and has been widely applied in geography, geology, climate change, economics, and other fields [37, [41] [42] [43] . The first step for calculating the Hurst exponents is to calculate the GDP elasticity of each indicator year-by-year (Supplementary Materials  Tables S1-S5 ). Secondly, we applied the R/S method to get the values of the Hurst exponent. Then, we combined the H value and linear regression equation (time t was set as the independent variable, and the environmental indicators were set as the dependent variable) to investigate the dynamic tread of corresponding indicators. The details of the Hurst exponent estimation can be found in the reference of another publication [44] .
The value of H ranges between 0 and 1. When the 0.5 < H < 1, it means that the time series shows persistent or trend-reinforcing behavior (a positive correlation), which means that the future trend of the time series will be consistent with the past, and the degree of persistent or trend-reinforcing depends on the extent of H's closeness to 1 [45] . In our case, if the past decoupling degree has reduced (or increased), the degree in the future will also be reduced (or increased). If the value of H equals 0.5, this indicates that the time series is completely independent (there is no correlation between any element and a future element), and we cannot conclude whether the decoupling degree will reduce or increase. When the value of H ranges between 0 and 0.5, it indicates that the time series shows anti-persistent behavior (a negative correlation), which means the future trend of the time series will be the opposite of the past. Additionally, the degree of anti-persistence depends on the extent of H's closeness to 0 [43, [46] [47] [48] . In our case, if the past decoupling degree has a reductive (or increase) trend, the disparity of the future will assume the increase (or reductive) trend.
Data Sources
The research area is Mainland China, excluding the Hong Kong Special Administrative Region, the Macao Special Administrative Region, Taiwan Province, and the Tibet Autonomous Region. In this paper, we used the dataset of 30 provincial-level regions, including four centrally administered cities (Beijing, Tianjin, Shanghai and Chongqing), four autonomous regions (Inner Mongolia, Guangxi, Ningxia and Xinjiang), and 22 provinces. For this paper, final energy consumption and water usage were taken as the indicators of resource use, and SO 2 , CO 2 and waste water discharge were taken as the indicators of environmental pollution. Considering the accessibility of data, the research period for each indicator is different: final energy consumption (1997-2012), water consumption (2002-2012), SO 2 emission (1999-2012), CO 2 (1997-2010) and waste water discharge (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . The data of final energy consumption comes from the China Energy Statistical Yearbook (1998-2013), the data of water consumption and Gross Domestic Production (GDP) comes from China Statistical Yearbook (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , the data of SO 2 emission and waste water discharge comes from the China Environmental Statistical Yearbook, and the data of CO 2 emission was abstracted from the reference of another publication [49] . The GDP data was measured as real GDP value in purchase power parity (at constant price in 1978) to eliminate the impact of price factors on the data.
Results and Discussion
Decoupling Performance
To investigate the "resource decoupling" and "impact decoupling" and their time variation, the GDP elasticity of resources (energy and water) consumption and pollutions (waste water, SO 2 and CO 2 ) production during the whole period ( In general, the decoupling performances of water and energy consumption are worse than that of waste productions, but better than that of greenhouse gas emissions (Figure 1) . In reference to the energy consumption, the decoupling performances of more than 85% of provinces in mainland China (26 provinces) presented weak decoupling during 1997-2012 (the GDP elasticity was between 0 and 0.8), and the four provinces of Qinghai, Ningxia and Xinjiang even presented expansive decoupling (the GDP elasticity was between 0.8 and 1.2) (Figure 1a) . The decoupling performance of water usage is better than that of energy consumption. Specifically, the performances of the five provinces Hebei, Zhejiang, Shandong, Gansu and Ningxia presented strong decoupling (the GDP elasticity was below 0), and 25 provinces presented weak decoupling during 2002-2012, (Figure 1a ). In the past 20 years, especially during the 11th FYP, the amount of energy consumption and water usage increased dramatically, with energy consumption increasing considerably faster than water use [50] . The higher rate of increase is the main reason for the worse decoupling performance of energy consumption compared to water usage. Another reason is the water-saving effects associated with the enforcement of energy-saving policies [50] , especially in the industrial sectors. For the impact decoupling effects, the decoupling performance of SO 2 was better than that of the waste water in most provinces, except Heilongjiang, Liaoning, Jilin, Qinghai, Gansu and Xinjiang, which are located in the northeast and northwest of China (Figure 1b) . The economic growth of these six provinces has been fueled by traditional heavy industries that mostly depend on a coal-based energy system. Specifically, the SO 2 emission in 21 provinces (70%) presented weak decoupling, and another nine provinces (30%) presented strong decoupling. Since 1998, China has implemented the Two Control Zone (TCZ) policy, the scope of which includes the regions Beijing, Tianjin, Hebei, Shanxi, Inner Mongolia, Liaoning, Jilin, Shandong, Henan, Shaanxi, Gansu, Ningxia and Xinjiang, all of which are affected by high SO 2 concentration and/or acid rain, to reduce the SO 2 emission and mitigate acid deposition problems. In the two control zones, only three provinces, namely, Beijing, Tianjin, and Shandong, presented strong decoupling, and another 10 provinces presented weak decoupling. As for the wastewater discharge, only one province presented strong decoupling, while the rest of the 29 provinces presented weak decoupling. For the CO 2 emission in China, 22 provinces presented weak decoupling, six provinces presented expansive decoupling, and two provinces presented expansive decoupling (Figure 1a) . For the impact decoupling effects, the decoupling performance of SO2 was better than that of the waste water in most provinces, except Heilongjiang, Liaoning, Jilin, Qinghai, Gansu and Xinjiang, which are located in the northeast and northwest of China (Figure 1b) . The economic growth of these six provinces has been fueled by traditional heavy industries that mostly depend on a coal-based energy system. Specifically, the SO2 emission in 21 provinces (70%) presented weak decoupling, and Considering that most master plans of economic, social and environmental fields in China are five-year plans, new series of policies and programs are launched at the beginning of each FYP period and ending at the last year of each FYP period. Thus, the decoupling analysis for each FYP period, to some extent, can be used to evaluate the effects of resource and environmental policies and programs implemented in the corresponding FYP period.
As shown in Figure 2 , the decoupling performance of energy consumption and SO 2 emission has improved substantially due to the implementation of the Energy Saving and Emission Reduction (ESER) policy, which aims to reduce the energy intensity and SO 2 emission by 20% and 10% in the 10th and 11th FYP periods, respectively. Specifically, for the final energy consumption, the decoupling performance of 28 provinces in the 11th FYP period was better than in the 10th FYP period. However, the performance of Chongqing and Anhui show the opposite. As for the SO 2 , the decoupling performance of all provinces in China in the 11th FYP period was better than the 10th period. In reference to the water consumption, the decoupling performance in each FYP period was better than that of the energy consumption. However, the performances of 15 provinces (50%) were worse in the 11th FYP period than in the 10th FYP period, and the other 50% of the provinces were better (14 provinces) or stable (Ningxia). In reference to the CO 2 , the decoupling performance has improved dramatically, which was indicated by the fact that the performances of 27 provinces were better in the 11th FYP period than in the 10th; only three provinces (Anhui, Chongqing and Ningxia) deviated from this. In order to reduce the CO 2 emission, the Chinese government introduced the CO 2 reduction target as the obligatory target of China's 11th FYP, which was to reduce the CO 2 per capital (intensity) by 20% in five years for the first time. Additionally, China has implemented a series of policies and programs to fulfill the national goal of CO 2 reduction and also improved the decoupling performance of CO 2 emission compared to the performance in the 10th FYP. As for the wastewater discharge, the decoupling performances of 21 provinces (70%) have improved. However, the extent of improvement was less than that of the SO 2 and CO 2 emissions. The performances of 9 other provinces became worse. Overall, the decoupling performance of energy consumption and related pollutants (including CO 2 ) has improved from the 10th FYP to the 11th FYP due to the implementation of the ESER policy. However, the changes in decoupling performances of waste usage and related pollutant emission in most provinces (20) were in the same direction (six provinces became worse and other 14 provinces became better), which indicates that the pattern of water usage has a great impact on the wastewater discharge in China; thus, China needs comprehensive policy instruments to manage water resources and ensure the water quality at the same time.
From Figure 2 , we can see regional disparities in the decoupling performance of each indicator. The disparities in the 10th FYP is greater than those of the 11th FYP, which is depicted by declining values of the standard deviation (Table 1) . These results also indicate the gradual convergence of Chinese provinces in terms of their decoupling performance. Above all, we found that the decoupling performance of waste production is greater than that of resource usage. The probable reasons for this are that: (1) The waste production could be effectively reduced by end-of-pipe treatment and other recycling means [11] ; (2) the government and the public are more inclined toward waste production control due mainly to the direct relation between pollution and human health; (3) more stringent regulations and standards for emission reduction than those for resource saving in China. Moreover, it should be noted that the decoupling water usage is worse than that of energy, and the decoupling performance of wastewater discharge is worse than that of SO 2 emission. In other words, the decoupling performance of water usage and related pollutant emission is worse than that of energy consumption and related pollutant emission. China is facing serious water shortage and water pollution problems, which calls for more stringent water saving targets and wastewater discharge standards; better policy efforts to improve the water recycling level both in agricultural, industrial and municipal level are required [51, 52] .
Trend Analysis of Decoupling Performance
The R/S requires that the time series data should be stationary at first order [53] . For this paper, the ADF unit root tests were conducted for the variables of all 30 provinces with regard to their stationary properties. The detailed results are shown in Supplementary Materials Table S6 . The results indicate that the variables of all 30 provinces are static at the first order. Thus, the Hurst exponents of the variables of all 30 provinces can be obtained by conducting R/S ( Table 2 ). In terms of energy consumption, the GDP elasticity of 11 provinces behaved in a linearly decreasing trend (the coefficient a of regression equation is below zero), which indicates that the decoupling performance of these provinces show an improving trend during 1997-2012. Inversely, the decoupling performance of the other 19 provinces show a decreasing trend in the past 25 years.
Will these trends continue in the future? The results of H exponent evaluations will give us the answer. Among the 11 provinces, that the H of Qinghai is less than 0.5 indicates that the GDP elasticity time series of Qinghai shows an anti-persistent behavior (a negative correlation) and the decoupling performance will be worse in the future. The H of Inner Mongolia, Hainan, Chongqing and Gansu is greater than 0.5 but less than 0.75 (close to 0.5), which indicates that GDP elasticity time series in the 4 provinces shows a weak trend-reinforcing behavior (a positive correlation) and that the decoupling performance will improve in the future, but the speed (the value of coefficients are around 0.02) and extent of improvement will be small. The H of Hebei, Shanghai, Zhejiang, Fujian, Henan and Guangdong is greater than 0.5 and close to 1, which indicates that the GDP elasticity time series shows a strong trend-reinforcing behavior and that the decoupling performance will improve in the future at a very low speed. Among the 19 provinces, the H of Liaoning is less than 0.5, which indicates that the decoupling performance will improve in the future (anti-persistent time series); the H of Guizhou, Jiangxi, Tianjin, Jilin, Ningxia is greater than 0.5 but less than 0.75, which indicates that the decoupling performance will show a weak decreasing trend but that the speed is very slow; the H of the other 13 provinces is greater than 0.5 and close to 1, which indicates that the decoupling performance will show a strong decreasing trend but that the speed is very slow. In brief, as for the final energy consumption, the decoupling performance of energy consumption in 63% of the provinces in China show a decreasing trend and 37% of the provinces show an improving trend. The reason for this phenomenon is that China is still in the transforming phase from primary industrialization to modern industrialization; thus, the situation of fast economic growth triggered by vast volume energy consumption still exists at present and will last for years because of the effects of path dependence [36] .
For water consumption, in the past 11 years, the decoupling performances of 15 provinces show an improving trend, 14 provinces show a decreasing trend and one province (Ningxia) kept stable. Among the 15 provinces that show an improving trend, the H of Liaoning, Hunan, Chongqing, and Guizhou is greater than 0.5 and close to 1, which indicates that the decoupling performance shows a strong improving trend at a very low speed in the future; the H of the other 11 provinces is greater than but close to 0.5, which indicates that the decoupling performance of these provinces shows a weak improving trend. The GDP elasticity of Ningxia kept a stable status (the coefficient equals zero), and the H value is greater than 0.5, which indicates that the decoupling performance for Ningxia will keep stable in the future. Among the 14 provinces that show a decreasing trend, the H of Jilin, Shanxi and Sichuan is greater than 0.5 and close to 1, which indicates that the decoupling performance will show a strong decreasing trend; the H of Heilongjiang, Henan and Hubei is less than 0.5, which indicates that the decoupling performance will show an improving trend; the H of the other eight provinces is greater than but close to 0.5, which indicates that the decoupling performance for these provinces will show a weak decreasing trend. In a word, the decoupling performances in 11 provinces show a decreasing trend, 18 provinces show an improving trend, and one province keeps stable.
Similar to the above analysis, for the CO 2 emission, only three provinces' (Shanxi, Guangdong and Ningxia) decoupling performance show a strong improving trend but at a very low speed, and six provinces show a weak improving trend. Most of the provinces (21 provinces) show a decreasing trend (the trend of 13 other provinces is strong and that of the other 8 is weak). For the SO 2 emission, most provinces' (80%) decoupling performances show an improving trend in which 13 provinces have strong trend-reinforcing behavior and 11 provinces have weak behavior. The decoupling performance of Liaoning will be stable. However, there are still five provinces (Jilin, Shandong, Hainan, Chongqing and Xinjiang) which show a decreasing trend but at a very low speed. In reference to the wastewater discharge, the decoupling performances in 12 provinces show an improving trend and 14 provinces show a decreasing trend (50%). For Jiangsu (H = 0.5), Xinjiang (H « 0.5), Shanxi (H « 0.5) and Gansu (H « 0.5), the time series of GDP elasticity is completely independent, and we cannot conclude whether the decoupling performance for these four provinces will improve or decrease.
Conclusions
During the past few decades, China paid heavy environmental prices and spent an excessive amount of resources, such as heavy air and water pollution, and unsustainable nature resources exposition, to become the world's second-largest economy. The goal of environmental sustainability requires that resource consumption and waste discharge should be decoupled from economic growth. For this paper, the decoupling performances of resource consumption (energy and water resource) and related waste discharge (wastewater, SO 2 and CO 2 ) in China were quantified, and the spatial pattern and temporal trend of decoupling performance were illustrated via the R/S method.
In general, the GDP-elasticity-based decoupling performance of energy consumption and water is worse than that of SO 2 and wastewater, but better than that of greenhouse gas, and the performances illustrate a strong spatial variation, resulting from various reasons: (1) The waste production could be effectively reduced by end-of-pipe treatment and other recycling means; (2) the government and the public are more inclined toward waste production control mainly due to the direct relation between pollution and human health; and (3) more stringent regulations and standards for emission reduction than those for resource saving in China. The Energy Saving and Emission Reduction (ESER) policy shows great efforts on the decoupling performance of energy consumption and SO 2 emission, which has improved substantially; however, a valuable finding is that water usage pattern shows a great extent impact on wastewater discharge; therefore, China needs integrated policy tools to make overall improvements in water resource management.
The disparity of the temporal trend in decoupling performance among 30 regions and five indicators are both distinct. With regard to SO 2 and water usage, in most regions, the decoupling performance shows an improving trend; however, the decoupling performance for energy consumption, CO 2 emission, and wastewater discharge in major regions suggest a decreasing trend, which may lead to great environmental pressure and thus call for more stringent regulations and specific policies to prevent such a decreasing trend of decoupling performance.
Although overall future reforms were announced by China's new leaders, a radical reform on China's environmental governance system is strongly suggested. Laws and regulations related to environment need to be revised and strengthened with the clarified terms, an effective environmental protection authority should be created by integrating decentralized powers to allow a holistic approach to environmental issues, a systemic approach should be realized by combining top-down legally based obligatory policies with bottom-up grass-roots-based civil activities as the core approach against pollution; and market-oriented instruments such as eco-compensation should be applied to environmental issues to balance the regional disparity in sustainable economic development. Moreover, full information disclosure to the public along with a reliable, moderate, authoritative and orderly third-party supervision system are essential components to building effective environmental protection.
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